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Abstract. A thermodynamic equilibrium model was applied to study the interactions of gas-phase
NHj3, HNO3, and HCI with size-resolved aerosols and estimate aerosol pH in the remote marine
boundary layer during the First Aerosol Characterization Experiment (ACE 1). Analysis of model
results and field measurements indicates that accumulation-mode aerosols were probably in equi-
librium with NH3, HNO3, and HCl simultaneously. The largest coarse-mode aerosols did not ap-
pear to be in equilibrium with HNOs3, but may have been in equilibrium with NH3 and HC1. The
estimated pH of accumulation-mode aerosols was 0-2, a function primarily of the amount of sul-
fate relative to sea salt present in that mode. By contrast, the estimated equilibrium pH of coarse-
mode aerosols was 2-5, a function primarily of relative humidity and gas-phase HCI. Prior to ex-
posure to HC, the estimated pH of fresh sea spray aerosols was 7-9, a function primarily of rela-
tive humidity. Sensitivity tests showed that the drying of aerosols during the sampling process

may have volatilized up to 30% of NH4*.

1. Introduction

Natural and anthropogenic aerosols are believed to play an
important role in climate through their direct effect of scattering
and absorbing radiation and their indirect effect of serving as
cloud condensation nuclei. Measurements and modeling studies
have found that marine acrosol components may comprise a sig-
nificant component of both the direct effect [Quinn and Coffiman,
1999; M. Z. Jacobson, Global direct radiative forcing due to mul-
ticomponent anthropogenic and natural aerosols, submitted to
Journal of Geophysical Research, 1999] and the indirect effect
[Jones and Slingo, 1997] of natural aerosols on climate. How-
ever, both effects are strongly dependent upon the size, number
concentration, and chemical and optical properties of the aerosols
[e.g., Horvath, 1993]. In order to better quantify the characteris-
tics of natural marine aerosols, the First Aerosol Characterization
Experiment (ACE 1) was designed to measure the physical,
chemical, and optical properties of aerosols, as well as gas con-
centrations, in the remote marine boundary layer [Bates et al.,
1998a].

Field data indicate that remote marine acrosols, those not sig-
nificantly affected by either anthropogenic or natural continental
sources, are composed primarily of sea salts (Na*, CI', SO,%,
MgZ+, C&*, K*, CO5%, and Br, in order of oceanic molar abun-
dance), nitrate (NO3"), ammonium (NH4*), non-sea-salt sulfate
(S04%), methanesulfonate (CH;S03"), associated hydrogen ions
(H*), and other organics [e.g., Fitzgerald, 1991; O'Dowd et al.,
1997]. The size distribution is often composed of four modes, in-
cluding an ultrafine mode, a nucleation or Aitken mode, an ac-
cumulation mode, and a sea salt or coarse mode[e.g., Bates et al.,
1998b; O'Dowd et al.,, 1997]. During ACE 1, in terms of dry
geometric diameter, these modes were observed at 5-20 nm,

Copyright 2000 by the American Geophysical Union.

Paper number 2000JD900209.
0148-0227/00/20001D900209$09.00

20-80 nm, 80-300 nm, and >300 nm, respectively, in the number
size distribution [Bates et al., 1998b]. Aside from aerosol mass
advected from continents or entrained from the free troposphere,
the mass is produced exclusively by sea spray emissions and gas-
to-particle conversion. Sea spray aerosols are emitted directly by
ocean surface disturbances at both accumulation-mode and
coarse-mode sizes, and may be enriched upon emission with oce-
anic surface active organic compounds [e.g., Barger and Garrett,
1970; Middlebrook et al., 1998] All other significant compo-
nents of soluble mass (NH4*; NOjy", non-sea-salt SO,%, CH;SO05",
and perhaps additional organic species) are secondary, resulting
from gas-to-particle conversion processes. Such processes in-
clude nucleation, condensation, dissolution, and aqueous-phase
oxidation of dissolved intermediates. Whereas ambient NHj3 is
accumulated as NH4* primarily by the acidic sulfate aerosols,
ambient HNOj is accumulated as NO3~ primarily by the less
acidic sea spray aerosols. When acids are added to aerosols con-
taining sea salt, CI" may be displaced as HCl, which may in turn
be scavenged by fresh sea spray, enhancing Cl” in those particles
le.g., Erickson et al., 1999]. A host of other physical processes
influences the boundary layer concentration and chemical charac-
teristics of the marine aerosol population, including coagulation,
dry deposition, sedimentation, cloud formation, precipitation
scavenging, horizontal advection, and vertical exchange with the
free troposphere.

Within this environment the nature of the partitioning of
chemical species between the gas and aerosol phases depends
upon the characteristics of the aerosol population, the characteris-
tics of the species, and the degree of gas-aerosol equilibrium ob-
tained. Many gases may interact reversibly with the aerosol
phase, including NH;, HNO;, HCl, CH3SO3H, HCOOH,
CH3COOH, SO,, and O3. Among these, only NH;, HNOs, and
HCI have been proven to interact with a reservoir in the aerosol
phase that has been observed to comprise a significant fraction of
total aerosol mass in remote marine regions [e.g., Parungo et al.,
1986; Quinn et al., 1992], thereby exerting significant reversible
influence on aerosol physical, chemical, and optical properties.
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Limited evidence from remote marine air masses indicates that
HCOOH and CH3;COOH may also fall into this category [e.g.,
Matsumoto et al., 1998], but neither was measured during ACE 1,
and sensitivity tests indicated that they would not be expected to
contribute significant aerosol mass at equilibrium under ACE 1
conditions. Current field data indicate that remote marine aero-
sols that are not fully neutralized are likely to be in equilibrium
with ambient NH3 [Quinn et al., 1992], a result supporied by
modeling studies of ACE 1 aerosols [Quinn et al., 1998] and pro-
totypical aerosols under more polluted conditions [Meng and
Seinfeld, 1996]. By contrast, field data gathered under polluted
conditions indicate that smaller sea spray aerosols are likely to be
in equilibrium with ambient HNO3; and HCI whereas larger aero-
sols may not be [Keene and Savoie, 1998, 1999]. This observa-
tion has also been supported under some conditions by a model-
ing study [Erickson et al., 1999].

Solution pH is an important characteristic of aerosols that may
be closely associated with gas-aerosol equilibrium. The pH of
remote marine aerosols may be critical to aqueous-phase chemis-
try in the marine boundary layer [e.g., Chameides and Stelson,
1992; Clegg and Toumi, 1997; Keene et al., 1998; Sievering et
al., 1992], but few efforts have been made to determine aerosol
pH since it is extremely difficuli to reliably estimate from meas-
urements [Keene and Savoie, 1998). Previous estimates have
been based upon indirect observation of marine aerosols or mod-
els of prototypical aerosols (Table 1). Estimated pH values under
remote marine conditions have ranged from -1 to 3 in the accu-
mulation mode and 2-10 in the coarse mode.

The goals of this study were to apply a thermodynamic equi-
librium model to the size-resolved aerosol field data gathered dur-
ing ACE 1 in order (1) to estimate whether aerosols were equili-
brated with gas-phase NH3, HNO;3, and HCI; (2) to test the sensi-
tivity of gas-aerosol equilibrium to the aerosol sampling process
(aerosols were heated and dried during sampling) in order to as-
certain whether volatile material shifted phase due to the sam-
pling process; and (3) to estimate the pH of the aerosols.

Table 1. Estimates of Marine Aerosol pH Based on Indirect
Observations or Model Results

pH Conditions ~ Method Source

Accumulation

mode

1-3 remote observation Winkler [1986]

0-2 remote model this work

-1-1 continental model Zhu et al. {1992]

-1-0 remote model Katoshevski et al. [1999]
Coarse mode

6-10 remote model Katoshevski et al. [1999]

6-9% remote observation Winkler [1986]

5-8 remote model Erickson et al. [1999]

5-6 remote model Keene et al. [1998]

5-6 remote model Vogt et al. [1996]

3-5 remote model Chameides and Stelson [1992]

3-5 continental observation Keene and Savoie [1999]

2-6 continental mode! Sander and Crutzen [1996]

2-5 remote model this work

2-5 continental model Erickson et al. [1999]

-1-12 continental  model Zhu et al. [1992]

Marine conditions were designated as approximately either "remote,”
meaning free of anthropogenic or natural continental influence, or more
“continental."

*Values obtained from leaching solutions of marine aerosols.

FRIDLIND AND JACOBSON: GAS-AEROSOL EQUILIBRIUM AND AEROSOL pH

Table 2. Range and Median of Measurements

Variable Range Median
Aerosol mass, ng m™>
Na* 1040-6510 2160
Mg?* 197-999 407
Ca?t 106-837 214
K* 39.6-293 90.6
NH/* 7.2-43.7 19.5
Ccr 1510-10,900 3440
Br 0-72.0 179
SO% 453-1750 812
CH;SO5 18.2-221 36.0
NOy 6.93-77.0 40.1
NH;, ppt 346 8
Pressure, mb 993-1024 1009
Temperature, °C
Ambient 4-13 10
Sample 16-24 22
Relative humidity, %
Ambient 61-97 76
Sample 26-44 37
2. Data

Aerosol, gas, and meteorological measurements were made
over the Southern Ocean (40°-55°S, 135°-160°E) between No-
vember 18 and December 11, 1995, on the National Oceanic and
Atmospheric Administration (NOAA) R/V Discoverer ship. This
segment of the ACE 1 experiment was chosen due to the avail-
ability of NH3 measurements, and all 19 aerosol samples that
were collected during the segment were included in this study.

2.1. Aerosol Data

Aerosols were measured with a seven-stage Berner-type cas-
cade impactor, as described by Quinn et al. [1998]. lon chroma-
tography was used to determine total soluble Cl-, Br, NOj,,
S04%, CH3S0;°, Nat, NH,*, K*, Mg?*, and Ca®*. A mass clo-
sure study using other data gathered on the Discoverer concluded
that these ions accounted for all aerosol mass within experimental
uncertainty [Quinn and Coffman, 1998), indicating that organics
and insoluble dust were not a dominant component. The samples
were collected from an inlet approximately 18 m above sea level
and dried by heating prior to entering the impactor. Mean aero-
dynamic diameters at the dry sample relative humidity were 0.15,
0.32,0.49, 0.89, 1.7, 3.3, and 7.4 pm, resolving the accumulation
and coarse aerosol modes. Sample exposure periods were 1640
hours, corresponding to an average sample volume of 26 m3. The
range and median of the acrosol measurements (summed over the
impactor stages) are shown in Table 2. Of the 19 aerosol samples
collected, 4 samples were significantly continentally influenced
(samples 32-34 and 36), as defined by 2-hour mean radon con-
centrations exceeding 100 mBq m3, and the remaining 15 sam-
ples were more representative of pure maritime air [Whittlestone
etal., 1998].

2.2. Gas Data

Gas data used were measured CO, and NHj, and estimated
HNOj; and HCI. CO, was collected from an inlet approximately
13 m above sea level and an average representative value of 360
ppm was used for all samples. NH; was measured from an inlet
approximately 17 m above sea level, with a sample exposure pe-
riod of 48 to 84 hours, as described by Quinn et al. [1998]. The
range and median of the measurements are included in Table 2.
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Since HNO3 and HCI measurements were unavailable, their
concentrations were estimated from other data sets. HNO;3; was
estimated as 10 ppt, the mean summertime value measured under
clean marine conditions on the coast of New Zealand at 41°S,
175°E (Allen et al., 1997} Other measurements of HNOj in the
marine boundary layer in the Southern Hemisphere are compara-
ble, with a mean of less than 30 ppt measured at 0°-30°S over the
Atlantic Ocean [Papenbrock et al., 1992]. HCI was estimated as
100 ppt, a typical low value measured in boundary layer air under
clean marine conditions [Graedel and Keene, 1995; Kajii et al.,
1997; Pszenny et al., 1993; Singh, 1995]. The sensitivity of the
results to the estimated HNO;y and HCI concentrations is ad-
dressed below in sections 4.2 and 4.3.

2.3. Meteorological Data

Ambient meteorological data used were 30-min average pres-
sure, temperature, and relative humidity, collected from instru-
ments located approximately 13 m above sea level. Temperature
and relative humidity were also monitored in the heated aerosol
sampling line. All meteorological variables were averaged over
each aerosol sampling period to obtain representative values. The
range and median of the representative values are included in Ta-
ble 2.

3. Gas-Aerosol Equilibrium Model

The following provides a description of the gas-aerosol equi-
librium model that was applied to the data. A conceptual over-
view is first given, followed by a technical description, a sum-
mary of the initial conditions, and a discussion of the primary as-
sumptions.

3.1. Conceptual Overview

Observed gas and size-resolved aerosol species were assumed
to be in thermodynamic equilibrium at observed temperatures,
pressures, and relative humidities. The thermodynamic equilib-
rium of the gas-aerosol system can be conceptualized as the result
of the competitive demand of the nonvolatile species in each
aerosol size bin for the available volatile compounds in the sys-
tem. The nonvolatile aerosol species cannot migrate among the
size bins, and thus their predicted size distributions always equal
their initial distributions. However, the volatile aerosol species
may migrate among the various aerosol size bins via the gas
phase until equilibrium has been obtained. Thus the predicted
size distributions of the volatile species may differ from the
measurements with which they were initialized. Deviations be-
tween the predicted and measured aerosol size distributions of the
volatile species result from three general sources of error: (1) er-
ror in the model assumptions (e.g., lack of actual equilibrium be-
tween the gas and aerosol phases), (2) error in the model calcula-
tions (e.g., error in the estimated water uptake of sea salts), or (3)
error in the estimated or measured concentrations of gases or
aerosols (e.g., experimental uncertainty in measured Cl concen-
tration).

In this study, the thermodynamic equilibrium of the gas-
aerosol system was calculated under the ambient conditions in the
marine boundary layer (high relative humidity and low tempera-
ture) and also under the sampling conditions in the particle im-
pactor (low relative humidity and higher temperature). The equi-
librium gas-aerosol partitioning of the volatile aerosol species
may be especially sensitive to changes in the relative humidity of
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the system due to the concomitant change in the liquid water con-
tent of the aerosols.

3.2. Technical Description

The EQUISOLYV Il model applies the Zdanovskii-Stokes-
Robinson equation to estimate liquid water content and Bromley's
method to estimate mean mixed activity coefficients [Jacobson,
1999a, b]. Additional thermodynamic data added to the model
for this study were the 25°C dissociation, water activity, and bi-
nary activity coefficients applicable to CH3SO3H(aq) solution
[Clegg and Brimblecombe, 1985; Covington et al., 1973]. Gas-
phase species considered were HyO, CO,, NH3, HNO3, and HCL.
Aerosol-phase species considered were H,O(aq), HyCO3(aq),
H,S04(aq), CH;SO4H(aq), NH,*, Nat, Mg, C2*, K*, H*,
NO5, HSO,, SO4%, CI, Br, CH;SO37, HCOy, CO3%,
NH4NO;(s), NHyCI(s), NHHSO4(s), (NH),S04(s),
(NHg)3H(SO4),(s), NH4HCO;3(s), NaNOs(s), NaCl(s), Na-
HSO4(s), NaySO4(s), NaHCO;(s), Nap;CO3(s), KNO;(s), KCI(s),
KHSO4(S), KzSO4(S), KHCO:},(S), K2CO3(S), Ca(NO3)2(s),
CaCl,(s), CaSOy(s), CaSO4-2H,0(s), CaCO3(s), MgCl,(s),
Mg(NO3),, MgSO4(s), and MgCO;(s).

The inputs for each sample were aerosol mass concentrations,
gas concentrations, and meteorological variables. Aerosol inputs
were the observed soluble mass of Nat, Cl-, C£*, Mg2*, K*, Br,
S04%, CH3S05, NH,*, and NO5" in each of the seven size bins.
Initial charge imbalances in each size bin were attributed to un-
measured H* and CO32‘. Gas-phase inputs were observed CO,
and NHj, and estimated HNO3 and HC1. Meteorological inputs
were observed pressure, temperature, and relative humidity (ei-
ther in the marine boundary layer or in the particle impactor).

Model outputs were the equilibrium concentration of all gas
species and the concentration of each aqueous, ionic, and solid
component in each size bin of the aerosol phase, including equi-
librium water content and pH. The total soluble mass of a com-
pound was then calculated as the sum of its liquid, ionic, and
solid concentrations in order to compare it with observations. For
example, the total soluble SO,% would be the sum of the SO,
mass predicted as H,SO,(aq), HSOQ,", SO4%, NH4HSO,(s), and
all other solids containing sulfate.

Since multiple size bins were used, the thermodynamic equi-
librium solution was unique only if no solids were predicted that
contained two volatile species (i.e., NH4NO3(s), NH4CI(s), or
NH4HCO;(s)) [Jacobson, 1999b]. Such solids were never pre-
dicted in the ACE 1 samples, permitting a unique solution in all
cases.

All aerosol field data were reported as functions of the mean
aerodynamic diameter at the sampling relative humidity, and this
value was assumed to be the initial geometric diameter of the
model size bin under both ambient and sampling conditions.
Model results indicated that geometric diameter did not typically
deviate from the mean aerodynamic diameter by more than 8%
and dry geometric diameter did not typically deviate from it by
more than 30%. Furthermore, model results were independent of
the bin size specification since Kelvin effects are small for parti-
cles larger than ~0.1 ym diameter [e.g., Jacobson, 1999a]. All
field data and model predictions are reported here as a function of
the dry aerodynamic diameter.

3.3. Initial Conditions

The observed gas-aerosol systems were first considered at the
pressures, temperatures, and relative humidities observed in the
marine boundary layer (section 2.3). Gases were initialized as



17,328

measured or estimated (section 2.2). In the aerosol phase each of
the 19 aerosol samples was first initialized with the observed spe-
cies in each size bin (section 2.1). However, experimental uncer-
tainty in the major sea-salt ions often created large charge imbal-
ances and discontinuities in pH from one size bin to the next.
Thus each of the 19 aerosol samples was also initialized using a
charge-balancing procedure: CI, Mg?t, Ca+, K*, and sea-salt
$0,% were also scaled to measured Na* using standard sea-salt
composition [Stumm and Morgan, 1996]; Bt~ was not permitted
to exceed the sea-salt Br:Na* ratio, but was not raised if it was
depleted [e.g., Ayers et al., 1999]; and all of the secondary spe-
cies, including non-sea-salt SO42" (defined as that exceeding the
sea-salt ratio to Na‘), CH3SO3", NH,*, and NOj3", were un-
changed. Initializing with the charge-balancing procedure pre-
served the primary characteristics of the marine aerosols and
eliminated the primary influence of experimental uncertainty on
the results.

In addition to modeling the 19 ACE 1 samples, two prototypi-
cal samples were derived to represent the behavior of generic re-
mote marine aerosols. First, an idealized sample was derived
from the clean marine samples by using the median values of
measured meteorological inputs, NH;, Na*, CH;S03", NH,™,
NOj, and non-sea-salt $O,%, and scaling CI', Ca®*, Mg’*, K*,
Br, and sea-salt SOy to the median Na* in each size bin (Fig-
ure 1). Second, a pure sea-salt sample was derived by removing
all secondary species (CH3SO3°, NH,*, NO;~, and non-sea-salt
S04%) from the ideal sample.

Simultaneous equilibrium with all gases was modeled for the
ideal and sea-salt samples, as well as for the 19 ACE 1 samples
using both charge-imbalanced and charge-balanced data. The
charge-balanced data were considered more representative of ac-
tual conditions; however, the results using charge-imbalanced
data are also included here in order to entirely establish the im-
pact of the charge-balancing procedure.

Several sensitivity tests were then performed on the charge-
balanced, ideal, and sea-salt samples. The sensitivity of the gas-
aerosol partitioning to the ambient gas concentrations was tested
by initializing each gas to a minimum value of zero and a maxi-
mum value of twice its measured or estimated concentration. The
sensitivity of the gas-acrosol partitioning of NH3, HNO;, and
HCI to the heated, dry sampling conditions was tested by setting
temperature and relative humidity to values representative of the
sampling conditions (section 2.3). Finally, the sensitivity of the
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ideal and sea-salt samples to independent equilibration with NHj,
HNO3;, and HCl was tested to elucidate the role of each gas in
controlling aerosol pH.

3.4. Model Assumptions

Applying the model to the available data involved a number of
important assumptions regarding (1) the simplification of the
physical gas-aerosol system (particles were uniform and inter-
nally mixed), (2) the properties of the observations (gases and
aerosols were stationary in time, gas-aerosol partitioning was in-
sensitive to the aerosol sampling process), and (3) the thermody-
namic state of the gas-aerosol system (particles were or were not
deliquescent, gas-aerosol equilibrium was obtained). Because
these assumptions are important to the interpretation of the model
results, they are discussed here in detail prior to presentation of
results in section 4.

3.4.1. Uniform internal mixture. Particles on a given im-
pactor stage were assumed to be a well-mixed internal mixture of
the measured species. This was probably a good assumption in
the coarse mode, but perhaps sometimes less accurate in the ac-
cumulation mode. Two distinct types of particles, sea-salt parti-
cles and ammonium-sulfate particles, have been found to domi-
nate the aerosol in remote marine regions according to analysis
by single-particle methods [Gras and Ayers, 1983; Mclnnes et al.,
1994], hygroscopic growth [Berg et al., 1998} and volatility
[Kreidenweis et al., 1998]. These two types correspond to the
two dominant sources of remote marine particles discussed
above: sea spray and nucleation. Whereas essentially all of the
coarse-mode particles have been found to be sea salt [Posfai et
al., 1995; Gras and Ayers, 1983; Kreidenweis et al, 1998], a
mixture of separate sea-salt and ammonium-suifate particles has
been observed in the accumulation mode [Berg et al., 1998; Gras
and Ayers, 1983; Kreidenweis et al., 1998] However, evidence
has also indicated that almost all accumulation-mode aerosols
larger than 0.13 um may contain sea salt [Murphy et al., 1998].

In the accumulation mode, deviations from uniformity may be
important to gas-aerosol interactions because an internal mixture
of non-sea-salt sulfate with sea salt may behave very differently
from an cxternal mixture. Specifically, an equimolar internal
mixture of aqueous NH4HSO4(s) and NaCl(s) would emit essen-
tially all Ct and NH,* as HC1 and NHj under typical ACE 1 con-
ditions, whereas an equimolar external mixiure would retain both
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Figure 1. Size distribution of aerosol species in the ideal sample (Ca2* and Br™ not shown).
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Figure 2. Calculated time required for aerosols to obtain 95% equilibration with a given gas as a function of the

accommodation coefficient of the gas, .

species. This behavior has been verified by individual particle
data in the marine boundary layer with respect to HCl emission
[e.g., McInnes et al., 1994]. During the ACE 1 period studied
here, hygroscopicity data gathered on the Discoverer indicated
that a range of 0-80% of the 0.165-ym particles were externally
mixed sea salt [Berg er al., 1998]. However, data were not gath-
ered at larger particle sizes, where the accumulation-mode mass
was concentrated.

3.4.2. Stationarity. For modeling purposes, the gas and aero-
sol mass concentrations were assumed to be constant during the
time that each aerosol sample was collected. However, gas and
aerosol concentrations may have varied significantly during aero-
sol sampling periods. Other data sets provide evidence for diur-
nal and air mass variattons in HNO; and HCI [Keene et al., 1993;
Papenbrock et al., 1992]. Particle size distributions measured on
the Discoverer during sampling also indicated that the aerosol
population was not constant over the long impactor sampling pe-
riods [Bates et al., 1998b]. The deviations of predictions from
measurements due to the inaccuracy of this assumption were not
quantified due to lack of data describing short-term deviations in
gas and ionic mass encountered.

3.4.3. Humidity-insensitive partitioning. The measured gas
and volatile particulate mass concentrations were assumed to be
valid under both sampling and ambient conditions. However, the
sampling process (heating and drying) may have volatilized some
aerosol species (such as NHy* or NOy7). If volatilization took
place, the ambient gas concentration plus the sampled aerosol
concentration of a given volatile compound would represent an
underestimate of the total volatile mass actually present in the
marine boundary layer. The possible extent of this underestimate
under ACE 1 conditions is quantified in sections 4.1-4.3.

3.4.4. Solid formation. Under ambient conditions the re-
quirement of homogeneous solid formation was considered to
discourage solid formation above the crystallization relative hu-
midity (CRH). Solids were assumed to form only below their
CRH, and no solids were predicted in any sample. However, un-
der the dry sampling conditions on the impactor substrates, het-
erogeneous solid formation on the substrate media was assumed
to permit solids to form close to their deliquescence relative hu-
midity (DRH). Solids were then assumed to form when the rela-
tive humidity fell below their DRH, and solids predicted to form
in come camnles inclhided (INHADAASO .Y (NHOA-HI{SO  A(<)

NaCl(s), NaSO4(s), KCI(s), K;S04(s), CaS04-2H,0(s),
MgS04(s), and MgCO;(s). Sensitivity tests indicated that these
assumptions generally had negligible influence on the results ex-
cept in the three cases where significant CaSO4—2H,0(s) influ-
enced the predicted partitioning of nitrate at the dry sampling
relative humidity, as discussed in section 4.2.

3.4.5. Gas-aerosol equilibriam. Gas-aerosol equilibrium
was assumed by the model for all gases present. Whereas the
equilibration of aerosols with atmospheric water vapor and CO,
is generally fast due to the high concentrations of those gases,
equilibration with trace gases at lower concentrations may take
much longer. Gas-aerosol equilibrium may not always have been
obtained by the majority of particles of a given size under ACE 1
conditions.

An upper limit to the independent equilibration time of each
aerosol size bin of the ideal sample with each ambient gas was es-
timated with the method used by Jacob [1985] for cloud drops,
except that model-calculated gas-aerosol partitioning was used in
place of the effective Henry’s law coefficients in order to account
for the activity coefficients in concentrated aerosol solutions
[e.g., Quinn et al., 1992]. The equilibration times (Figure 2) rep-
resent the approximate time required to reach 95% equilibration
of the aqueous phase during a diffusion-limited transfer process.
For example, if all of the equilibrium NH4* in a given size bin
were instantaneously displaced to the gas phase, the equilibration
time would be the time required for the particle to reabsorb 95%
of the displaced gas. A range of gas accommodation coefficients
was used due to uncertainty in the values. The accommodation
coefficient of HCl over a water surface has been measured as
0.15, while a typical range of 0.1-1 was used for NH; and HNO;3
due to lack of data [Seinfeld and Pandis, 1998, and references
therein]. Measurements of HNO; uptake by aqueous NaCl(s)
particles suggest that the accommodation coefficient is likely to
be relatively large {Abbatr and Waschewsky, 1998]. Similarly,
measurements of NH3 uptake by sulfuric acid solutions suggest
that the accommodation coefficient may increase from ~0.1 to
near unity as solution acidity increases [Swartz et al., 1999].

Overall, the results suggest that accumulation-mode aerosols
in the smallest three size bins equilibrated with all gases within
~10 hours, a time that was probably significantly shorter than the
mean lifetime of the particles in that size range. Whereas all of
the larcer narticiee were alea likelv ta he in eaunilibrinm with
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NH;, estimated equilibration times with HNO3 and HCI were
~10-300 hours, times that may have been on the order of the
mean lifetime of the larger particles. Thus, whether the particles
larger than ~0.89 pm were in equilibrium with HNO3 and HCl
may have depended upon their lifetimes, which in turn may have
varied significantly across the coarse mode due to differential
loss rates by sedimentation and dry deposition [e.g., Slinn and
Slinn, 1980].

4. Results

Model results for aerosol equilibrium with each gas, NHj,
HNO5, and HCI, are analyzed in sections 4.1-4.3. The modeled
pH of the aerosols is then analyzed in section 4.4.

4.1. Aerosol Equilibration With NH;

Overall, the acidic suifates in the accumulation mode had the
greatest demand for the available ammonia in the system,
whereas the less acidic sea salts in the coarse mode had the least
demand (Figure 3). The generally good match between charge-
balanced caiculations and observations, combined with the short
expected equilibration times (Figure 2), suggests that the aerosols
were probably in equilibrium with NH3. Using a different model
and assuming a fully external mixture of sea salts and non-sea-
salt SO4%, Quinn et al. [1998] also concluded that aerosols ap-
peared to be in equilibrium with NH;3 during ACE 1.

4.1.1. Accumulation-mode NH4*. In the accumulation
mode, NH;* was commonly underpredicted (Figure 3), and the
degree of underprediction was closely correlated with increasing
concentrations of sea salt relative to sulfate (Figure 4). Physi-
cally, HCI was released from the particles containing sea salt, in-
creasing pH and reducing the demand of the particles for NH4™.
However, it is likely that accumulation-mode particles were actu-
ally in equilibrium with both NH3 and HCl (Figure 2). Why,
then, did equilibrium predictions deviate from observations in
some samples?

The reason for underprediction of accumulation-mode NH4*
cannot be conclusively determined here. The three general types
of error that may occur, as discussed in section 3.1, include error
in model assumptions, error in model calculations, and error in
initialized values. With respect to model assumptions, it is noted
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Figure 4. Ratio of calculated equilibrium NH4* to observed
NH,* in the 0.32-pum size bin as a function of the ratio of ob-
served Na* to SO, % in that size bin on a mass basis.
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Figure 5. Calculated NH,* in the 3.4-um size bin as a function
of equilibrium NH;3 and pH in that size bin.

that any degree of deviation from the assumed uniform internal
mixture of sea salt with non-sea-salt sulfate would result in un-
derprediction of NH4* by the model. With respect (o error in
model calculations, the EQUISOLYV II model has been compared
with the AIM2 and SCAPE2 models for the behavior of the fun-
damental Na*—Cl'—NH,*-S0,2" system encountered here [Zhang
et al., 1998], and the AIM2 model has in turn been compared
with copious laboratory data {Clegg et al., 1998], making signifi-
cant model error unexpected. With respect to error in measure-
ments, it is not immediately expected that the error would be sig-
nificantly skewed to result in underprediction of accumulation-
mode NH4*. In summary, the physical cause of underestimated
submicron NH4* was the assumed internal mixture of large quan-
tities of sea salt with the accumulation-mode SO, (Figure 4).
However, it cannot be corroborated that some degree of external
mixture or nonuniformity among the particles was actually re-
sponsible for the deviation between model results and observa-
tions.

4.1.2. Coarse-mode NH4*. In the coarse mode, observations
indicated that the sea-salt aerosols had littie demand for NH*,
but significant equilibrium NH,* was predicted in about one third
of the samples (Figure 3). This was closely correlated with two
factors: (1) high equilibrium NH; gas and (2) low equilibrium pH
in the coarse mode (Figure 5).

High equilibrium NH; did not appear to explain the discrep-
ancy between predictions and observations. NHj concentrations
>20 ppt were measured during six samples (samples 31-36), but
NH,* was rarely measured in the coarse mode. Furthermore, lack
of equilibrium with the gas phase did not appear to explain this
discrepancy between model results and observations. When the
equilibration times in Figure 2 were adjusted to account for up-
take of significant NH; by the coarse mode, the equilibration time
of all except the largest size bin remained less than 10 hours and
less than the equilibration times with HNO;3, which had sufficient
time to accumulate significantly as NO5"~.

Low estimated pH in the coarse mode appeared more likely to
explain instances of overpredicted NH4* in the coarse mode. As
discussed below (section 4.4), modeled coarse-mode pH was con-
trolled by equilibration with HCI at a given relative humidity.
Consistent with this finding, two changes in the initial conditions
raised equilibrium pH above 3.5 and eliminated the equilibrium
coarse-mode NH,* in ali charge-balanced samples: (1) reducing
relative humidity to 65% and (2) reducing equilibrium HCI below
65 ppt in all cases, which required removing all initial HCI as
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well as 2-4% of the initial CI. This leads to the possible conclu-
sions that (1) NH,* was present at the ambient relative humidity
but was volatilized during the measurement procedure or (2) am-
bient HCI was less than ~65 ppt. Furthermore, the model results
indicate that an equilibrium value of 65 ppt of HCI could be
achieved only if the total chloride (gas plus aerosol phase) in the
system were sufficiently depleted relative to the total sodium.
This in turn would imply a lifetime of HCI that was shorter than
the lifetime of the chloride-depleted aerosols, which seems possi-
ble due to the speed of loss of HCI to the ocean surface and the
relatively long lifetime of the submicron aerosols that are most
depleted. Aside from these changes in predicted pH and NH4" in
the coarse mode, model results were insensitive to minor total
chloride depletion. Overall, however, these hypotheses cannot be
confirmed since HCI was not measured on the Discoverer.

4.1.3. Sensitivity of equilibrium f(NH4*). When NH; was
doubled, an average of 50% of the additional gas was absorbed
by the particles (Figure 6). However, this average includes sig-
nificant additional absorption in the coarse mode in many sam-
ples. Considering only the ideal case, where coarse-mode absorp-
tion was less, about 30% of the additional gas was absorbed, 20%
in the accumulation mode and 10% in the coarse mode.

Equilibrium of the aerosols on the impactor substrates with
NH; was likely since most particle sampling periods were at least
twice as long as the estimated equilibration times (Figure 2).
Overall, mean fAINH,*) shifted from 0.65 under ambient condi-
tions to 0.45 under sampling conditions (Figure 7), indicating that
~30% of NH,* may have been volatilized during the sampling
process. Other model runs indicated that pure NH4HSO4(s) solu-

tion exhibited negligible volatilization of NH4* when subjected to
drying, whereas NaCl(s)}-NH4HSO4(s) solution exhibited ~40%
volatilization. Thus the extent of predicted volatilization was
heavily dependent upon the assumed degree of internal mixture
of the ammonium sulfates with the sea salts in the accumulation
mode, and 30% should be considered an upper limit to the possi-
ble volatilization.

4.2, Aerosol Equilibration With HNO;

In all samples, equilibrium NO;~ was distributed proportion-
ally to sea salt (Figure 8). The common underprediction of NO3
in the smallest particles and the consistent overprediction of NO53
in the largest particles, combined with the long expected equili-
bration times of large particles (Figure 2), suggest that the smaller
particles were in equilibrium with HNO3 whereas the largest par-
ticles were not.

4.2.1. Accumulation-mode NO5. The aerosols in the accu-
mulation mode had negligible demand for HNOj5 relative to the
less acidic sea salts in the coarse mode. However, a significant
fraction of NO3~ was observed in the second size bin in eight
samples (samples 27, 30, 33-37, and 45), and was also ofien
measured in the third size bin. Underprediction of accumulation-
mode NOj™ in those samples was caused in part by low HNO;
predicted at equilibrium due to the absorption of most initial gas
by the coarse-mode particles. When the equilibrium of the aero-
sols in only the three smallest size bins with initial HNO; was
calculated (in order to prevent absorption by the largest particles),
significant NO;~ was predicted in the third size bin in most sam-
ples but still not in the second size bin.
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Fresh sea spray may have accounted for NO;™ observed in the
second size bin. When CH3SO3™ and non-sea-salt $0,% were fur-
ther removed from the three smalliest size bins, leaving only ni-
trate-enriched sea spray, predicted NO3~ exceeded observations in
all three size bins. Thus sufficient sea salt and HNO3 was present
to account for all observed NOy if some degree of external mix-
ture (fresh sea spray) were considered in the accumulation mode.
Furthermore, accumulation-mode NO3;~ was highly correlated
with sea spray production: seven of the nine samples with peak
CI- exceeding 10 ug m3 (indicative of recent sea spray produc-
tion) also exhibited NO5™ in the second size bin, accounting for
all except one such sample.

It is also possible that dust surfaces accounted for the observed
NO;" in the second size bin, but this seems less likely. Total ma-
rine NO4™ has been previously correlated with continental influ-
ence [e.g., Prospero and Savoie, 1989]. Of the four samples con-
sidered continentally influenced (samples 32-34 and 36), three
did exhibit NO;™ in the second size bin, but this did not account
for the remaining majority of such cases. While the charge-
balancing process removed the influence of dissolved crustal spe-
cies, NO5 was also underpredicted in the charge-imbalanced case
(Figure 8). A mass closure study also indicated that insotuble
dust was not a significant component of aerosol mass [Quinn and
Coffman, 1998].

4.2.2. Coarse-mode NOj". The largest coarse-mode particles
did not appear to be at equilibrium with HNOj3. In the two largest
size bins, equilibrium NOj™ always exceeded measured NO;3™.
Furthermore, the discrepancy between the observed and calcu-
lated size distributions of NO3~ was independent of the assumed
initial concentration of HNOj5: the equilibrium distribution was
always shifted to the larger particles relative to the observed dis-
tribution. Observations made under more polluted conditions
have indicated that larger sea-salt particles may be subsaturated
with HNO4 relative to micron-sized particles [e.g., Keene and Sa-
voie, 1998}, and such behavior has also been observed in coastal
regions [e.g., Pakkanen, 1996]. It has been proposed that this
could be due to kinetic transport limitations to equilibrium (e.g.,
Figure 2) or reaction rate limitations related to the formation and
displacement of HCI, but it has not yet been satisfactorily ex-
plained [e.g., Keene et al., 1998; ten Brink, 1998].

4.2.3. Sensitivity of equilibrium f(NO5’). Regardless of ini-
tial HNO;, the sea-salt particles were capable of absorbing almost
all available gas (Figure 6), consistent with the results of other
modeling studies [e.g., Keene ef al., 1998]. When HNO; was
doubled, an average of 97% of the additional gas was absorbed
by the particles. Additionally, equilibrium NO3~ was always dis-
tributed proportionally to sea salt, regardless of the assumed ini-
tial concentration of HNO3.

In most samples the sampling process slightly increased equi-
librium f{NO5") due to the decreased pH of the more concentrated
aerosol solution remaining after predicted solid formation (Fig-
ure 7). No solids contained nitrate, leaving all nitrate in the re-
maining solution. In three samples (samples 28, 40, and 41),
however, the predicted formation of CaSO4—2H;0(s) at the sam-
pling relative humidity in the intermediate size bins decreased the
water content sufficiently to significantly lower dissolved NO;y".
Because of the small number of samples where nitrate partition-
ing was significantly changed, we conclude that the partitioning
of nitrate was generally unchanged by the sampling process.

4.3. Aerosol Equilibration With HC1

The equilibrium size distributions of Cl” (with estimated HCI)
were almost always within the experimental uncertainty of the
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Figure 10. Calculated chloride depletion of charge-balanced
samples as a function of aerosol size.

measurements (Figure 9). Overall, the size distribution of CI°
was determined primarily by the size distribution of sea-salt
cations, which had the greatest demand for the chloride in the sys-
tem. Sea-salt CI- was also displaced as HCl by non-sea-salt sul-
fate.

4.3.1. Displacement of Cl~ Non-sea-salt sulfates were con-
centrated relative to sea salt in the smallest size bins, resulting in
increasing C1- depletion with decreasing size (Figure 10). This
process depleted a large fraction of the Cl present in the smallest
size bins (35-100%), but only a small fraction of the total chlo-
ride present in the system (0.9-8.5%). The depletion of sea-salt
CI" from the ideal sample was 3% of the total, consistent with to-
tal losses of 0—3% observed in the ACE 1 region [Ayers et al.,
1999]. However, the predicted depletion was dependent upon es-
timated initial HCI and the effect of the charge-balancing proce-
dure on total CI", as well as the assumed degree of internal mix-
ture in the accumulation mode. Uncertainties in these factors
precluded quantifying total loss from each sample.

Nonetheless, the pattern of loss from the smallest four size
bins was dependent only upon the fact that enrichment by secon-
dary acids was most significant in those size bins. Thus results
suggest that most loss would occur even if the largest size bins
were not in equilibrium with the ambient gases. The equilibra-
tion times in Figure 2 suggest that equilibrium with HCl could
have been obtained 2-10 times more quickly than with HNOj3,
but the times may still be long for the largest particles. Overall,
experimental uncertainty in ClI" made it impossible to estimate
whether individual size bins had obtained equilibrium with HCI,
in contrast to the case of nitrate.

4.3.2. Sensitivity of equilibriumf(CI). When HCI was dou-
bled, an average of less than 5% of the additional HC] was taken
up by the particles (Figure 6). However, the fact that experimen-
tal uncertainty in Cl- measurements (up to x25% of 1.5-10.9 ug
m3) may have exceeded any estimate of the gas phase reservoir
(100-300 ppt, or 0.15-0.46 pg m3) made it difficelt to draw firm
conclusions regarding actual sensitivity to gas concentrations.

Similar to fAINO;),ACl") was generally unchanged upon aero-
sol dehydration, an average of less than 1% lower than under am-
bient conditions (Figure 7). Unlike NO3~, however, most Cl" was
predicted in solid forms at the dry sampling relative humidity.
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Figure 11. Calculated pH for charge-imbalanced data (dashed lines) and charge-balanced data (solid lines).

4.4. Aerosol pH

In the charge-balanced case, similar pH profiles were pre-
dicted in all samples (Figure 11). The larger size bins generally
exhibited uniform pH values of 2-5, whereas the first and second
size bins generally exhibited lower pH values of 0-2.

4.4.1. Submicron versus supermicron pH. The modeled pH
in the submicron size bins was primarily a function of the relative
acidity of those size bins (Figure 12). By contrast, the modeled
pH of the supermicron size bins was primarily a function of rela-
tive humidity (Figure 13). The strong correlation between rela-
tive humidity and coarse-mode pH indicates that relative humid-
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Figure 12. Calculated pH in the 0.32-um size bin as a function
of the ratio of observed Na* to SO,2 in that size bin on a mass
basis.

ity controlled the influence of HCI on the modeled sea-salt pH
more than either enrichment by secondary acids or the ambient
concentration of HCI in the range predicted. The importance of
HCI to the pH of sea-salt particles has been noted by previous
authors [Keene and Savoie, 1998, 1999], as has the importance of
relative humidity and liquid water content [Winkler, 1986; Zhu et
al., 1992].

Whereas the pH of the acidic accumulation-mode particles
was a weak increasing function of relative humidity, the pH of
the coarse-mode particles was a strong decreasing function of
relative humidity. Other runs with prototypical aerosol solutions
at typical ACE 1 aerosol and gas concentrations indicated that the
pH of NH4HSO,(s) solutions increased with increasing relative
humidity, regardless of whether the gas-aerosol partitioning of
NH; was considered. However, the predicted pH of NaCl(s) and
NaCl(s)-NH4HSO4(s) solutions increased with increasing rela-
tive humidity when the gas-aerosol partitioning of HCI was ne-
glected, but decreased with increasing relative humidity when the
gas-aerosol partitioning of HCI was considered. Using a model
that included HCI partitioning, Chameides and Stelson [1992]
also predicted decreasing pH of bulk marine aerosols with in-
creasing relative humidity.

4.4.2. Impact of each gas on pH. Overall, modeled equilib-
rium pH was determined by the composition of the aerosol in
each size bin, as well as the interaction with ambient gases. The
role of these two influences in the ideal and sea-salt samples was
separated by calculating the pH resulting from independent equi-
librium with each gas (Figure 14).

When the ideal sample was equilibrated with NHj alone, the
most acidic size bins were slightly neutralized as initial NH; was
increased. When equilibrated with HNO5 alone, the nitric acid
was distributed more uniformly relative to sea salt (see Figures 8
and 9), lowering pH in the larger size bins. When equilibrated
with HCl alone, the pH of the smallest two size bins remained
low, while all of the larger size bins reached a uniform pH that
was determined by the interaction with relative humidity and am-
bient HCl. The small aerosols emitted HCl, raising pH, whereas
the larger aerosols absorbed HCl, lowering pH.

Because of the additional importance of refative humidity to
sea-salt pH, the equilibrium of HCl with the sea-salt sample was
also calculated as a function of relative humidity (Figure 15).
The pH was a strong function of relative humidity throughout the
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range of HCI, but was more weakly dependent upon HCI above
approximately 50 ppt. Since most measurements indicate that
typical marine HCI levels exceed 50 ppt (see references in sec-
tion 2.2), these results suggest that relative humidity may be the
most important determinant of equilibrium sea-salt pH.

Comparing the equilibrium pH values in Figure 11 with those
in Figures 14 and 15 gives insight into the potential pH of non-
equilibrium marine particle populations. Freshly emitted sea-salt
particles are likely to begin with a pH of 7-9. Interaction with
HCI at a given relative humidity may then lower pH to as little as
2, depending upon relative humidity and ambient HCl. Micron-
sized sea-salt particles probably reach equilibrium pH, while the
largest particles may or may not attain this pH in their lifetimes.
Only significant SO42 would lower pH further to 0-2, which may
occur only for submicron particles.

4.4.3. Comparison with other estimates of pH. In the ac-
cumulation mode the pH predicted in this work was generally
0-2, within the range of -1 to 3 that has been previously esti-
mated or observed in clean marine environments (Table 1). In
the coarse mode the equilibrium pH predicted here was 2-5, over-
lapping the range of 3-10 that has been observed or estimated in
clean marine environments.

The existing ranges of estimated pH are heavily dependent
upon the models that have been applied. In particular, the model
treatment and predicted concentration of HCl was found to be
critical to the coarse-mode pH estimated here. Of the four mod-
els that have been applied to estimate coarse marine aerosol pH in
clean environments, Karoshevski et al. [1999] did not consider
HCI dynamics, obtaining pH values of 6-10, similar to the pH
predicted here in fresh sea spray or at very low HCI (Figure 15).
The remaining three models did consider the partitioning of HCI,
but also predicted higher pH values, consistent with those esti-
mated here at lower HCI concentrations. Chameides and Stelson
[1992] predicted pH values >8, but did not report HCI; Erickson
et al. [1999] predicted pH values of 5-8 and <50 ppt HCI; and
Vogt et al. [1996] predicted pH values of 5-6 and 0-20 ppt HCl
at 76% relative humidity. In summary, the equilibrium coarse-
mode pH values predicted in this work appear to be consistent
with other estimates when the role of HCl is considered.

5. Conclusions

The gas-aerosol partitioning of ammonium, nitrate, and chlo-
ride during the ACE | experiment was analyzed by comparing
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Figure 13. Calculated pH in the 3.4-um size bin as a function of
ambient relative humidity.
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equilibrium model results with measurements. The above analy-
sis supports the following general conclusions:

1. All acrosols appeared likely to be in equilibrium with NH3
based on comparison of observations with predictions and analy-
sis of gas-aerosol equilibration times. Particles were sensitive to
increased NHj3, absorbing at least 20% of additional gas when ini-
tial NH3 was doubled. Model results indicated that up to 30% of
NH4* present under ambient conditions may have been volatil-
ized during the sampling process.

2. Submicron and micron-sized aerosols were likely in equi-
librium with HNO3, but the largest particles appeared to be un-
dersaturated. Particles were sensitive to increased HNO; and
were capable of absorbing essentially all additional gas when ini-
tial HNO3; was doubled.

3. Smaller particles appeared likely to be in equilibrium with
HCl, whereas larger particles may or may not have been, based
upon calculated gas-aerosol equilibration times. Emission of HCl
due to displacement by secondary acids was probably nearly
complete (close to equilibrium) since secondary acids were con-
centrated in the smallest particles and the smaliest particles were
likely to achieve equilibrium quickly.

4. The estimated equilibrium pH of the accumulation-mode
aerosols was 0-2, whereas the estimated equilibrium pH of the
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Figure 15. Calculated pH of the sea-salt sample as a function of
initial HCI and relative humidity.

coarse-mode aerosols was 2-5. The pH of sea spray may have
varied in the range of 7-9 for fresh particles down to 2 for aged
particles at high relative humidity and high HCl. Under ACE 1
conditions the modeled equilibrium pH of the accumulation-
mode particles was primarily a function of the amount of sulfates
present relative to sea salt. By contrast, the modeled equilibrium
pH of the coarse-mode particles was primarily a function of HCI
concentration and relative humidity.

While it was possible to draw conclusions from the available
data based on the results of sensitivity tests, the model remained
unconstrained by the observations in several important ways.
With respect to accumulation-mode pH and NHj; equilibrium, the
model was sensitive to assumptions regarding aerosol mixing
state. Hygroscopicity data gathered on the Discoverer at
0.165 uym indicated that an external mixture was often present at
that diameter, but no data were gathered at larger sizes [Berg et
al., 1998]. Additional data on aerosol mixing state up to at least
1 pm in diameter would have provided an important model con-
straint. With respect to coarse-mode pH and HNO3; and HCI
equilibrium, data for both gas species would clearly have pro-
vided important constraints. Constraining chlorine is complicated
by the fact that coarse-mode aerosol pH may be quite sensitive to
HCI, but the total chlorine in the system is dominated by CI,
which probably cannot be measured more precisely without sacri-
ficing time and size resolution of the aerosol measurements.
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